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SUMMARY 

Many aspects of the photochemical processes in the troposphere near and 
within urban areas have recently been explored by kinetic computer modeling. 
Comparison with the results of data analyses indicates that features of and 
patterns in air quality data can be semiquantitatively reproduced for a variety 
of geographical and chemical situations. Results are presented for calculations 
representing urban workdays, urban Sundays, transport and chemistry upwind of, 
within, and downwind of urban areas, and overwater transport. The effects of 
incomplete or insufficiently accurate information on the results of photochemi- 
cal calculations are described. A current limitation in the detailed validation 
of these theoretical chemical studies is a sparseness of data on reactive free 
radicals, on inorganic photochemical products, on organic reactants and products, 
and on certain of the applicable meteorological processes. Appropriate chemical 
and meteorological measurements needed to alleviate these interpretive limita- 
tions on the understanding of urban tropospheric processes are discussed. 

INTRODUCTION 

An initial determination of air quality in urban atmospheres is provided 
by measurements of emitted trace species known to be undesirable: carbon monox- 
ide, sulfur dioxide, benzene, and so forth. A more detailed assessment includes 
evaluations of the presence and concentrations of the chemical products of these 
precursors. Although the product compounds are crucial constituents of many 
atmospheric processes, little information is presently available concerning 
their concentrations, reactions, or lifetimes in ambient air. 

A variety of approaches promises to ameliorate this situation. Laboratory 
studies of individual reactions provide v.ital information on reaction rates and 
products. Another technique that has been useful over the years has been the 
monitoring of products in smog chamber experiments. More recently, improvements 
in computer codes for kinetic simulations of large chemical systems have resulted 
in the development of models of the chemistry of the urban atmosphere. The 
results produced by all these techniques, together with confirmatory field mea- 
surements, are necessary for an improved chemical understanding of the atmo- 
sphere. Of particular interest from a chemical standpoint are the interrela- 
tionships between the precursors and their atmospheric products. 
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This paper' attempts to define tbe most significant of the precursor- 
product combinations in the urban atmosphere, together with the chemical 
intermediates that link them. A survey of recent results of kinetic computer 
modeling of the northern New Jersey atmosphere is then presented, and the 
accomplishments and limitations of such approaches are discussed. Finally, 
suggestions for field measurements of particular interest to the atmospheric 
chemist are made. 

The discussion herein is restricted to the gas phase, despite substantial 
evidence that certain effects, particularly the removal of oxygenated photochem- 
ical products, may be controlled by gas-surface interactions and subsequent 
aerosol chemistry. Among the important processes are the formation of sulfate 
and nitrate aerosols, the loss of ammonia to form ammonium salts in aerosols, 
and the oxidation of alcohols, aldehydes, and ketones to carboxylic acids on 
aerosol surfaces. A recent review of these topics has been given by the Sub- 
committee on Ozone and Other Photochemical Oxidants (ref. 1). Further informa- 
tion and the incorporation of aerosol chemistry into kinetic models will doubt- 
less be topics of active research interest within the coming years. 

CHEMICAL REACTION CHAINS IN URBAN ATMOSPHERES 

The chemical processes in urban atmospheres utilize anthropogenically 
emitted compounds as precursors for the formation of a variety of more highly 
oxygenated products. Solar radiation is an important constituent in these chem- 
ical reaction chains, since photodissociation of several common emittants pro- 
duces the reactive free radicals that control most of the chemistry. 

A simple schematic overview of a central reaction chain in urban atmospheres 
is shown in figure 1. The chain utilizes the aldehyde (RCHO), nitric oxide (NO), 
and hydrocarbon (HC) species that are common anthropogenic emittants to produce 
large numbers of free radicals and oxygenated products. The complete cycle 
shown requires only three molecules of the types RCHO, NO, HC and two solar 
photons (hvl and hV2). Perhaps the most interesting species of figure 1 from 
a chemical standpoint is ozone (03). Ozone is not directly emitted from sources 
but is produced and destroyed by a very complicated series of chemical reactions 
among and with its precursors. As a result of this complexity, the precursor- 
product relationships for ozone and other chemicals involved in atmospheric oxi- 
dation cycles are not straightforward, although many of the individual reactions 
have now been studied. The basic equations involved in tropospheric creation 
and destruction are 

NO2 + hv -t NO + 0 (1) 

0+02+M+03+M (2) 

lMuch of the work discussed herein was done in collaboration with the 
author's colleagues at Bell Laboratories: W. S. Cleveland, D. Hdelson, L. A. 
Farrow, R. S. Freund, B. Kleiner, K. B. McAfee, and T. A. Weber. 
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NO + 03 + NO2 + 02 (3) 

where M signifies a third body which acts to stabilize the reaction. The 
first equation demonstrates that solar radiation (hW) is required for ozone 
formation; the third that ozone destruction by NO is a direct process. Since 
NO is the principal oxide of nitrogen emitted by combustion sources, ozone is 
preferentially removed near strong combustion sources and preferentially formed 
by oxidized products when away from those sources. In addition to the effects 
of NO and NO2, it has been surmised that hydrocarbon emissions could affect 
ozone concentrations, since peroxy radicals (RO2') of the hydrocarbons provide 
a means for oxidizing NO to NO2 without the ozone loss involved in reaction (3): 

NO + RO2’ + NO2 + ROD (4) 

Calculational results pertaining to this topic will be discussed later in this 
paper - 

Most of the products of urban photochemistry do not appear to be subject 
to the cyclic oxidation-reduction sequences characteristic of ozone. Rather, 
their reactions proceed unremittingly in the direction of further oxidation, 
forming low-vapor-pressure compounds whose fate is likely to be deposition on 
aerosols or on boundary-layer surfaces. Some of these chains are shown in fig- 
ure 2. Emission of the precursors SO2, NO, and hydrocarbons (HC) is followed 
by initial oxidation, largely through free-radical reactions. (The reactions 
shown are specific in the cases of SO2 and NO but merely representative of 
typical processes for the chemically diverse hydrocarbon compounds.) A second 
oxidation step, which may also be through a free-radical process, produces inor- 
ganic acids from the inorganic precursors. For the organic species, the reac- 
tion chains are longer and the products more numerous; acrolein and peroxyacetyl 
nitrate (PAN), as shown in figure 2, are among the products. More detailed dis- 
cussions of organic chemical chains in urban atmospheres are given by Demerjian 
et al. (ref. 2), the Panel on Vapor-Phase Organic Pollutants (ref. 3), Graedel 
et al. (ref. 4), and Heicklen (ref. 5). 

The four subdivisions of figure 2 provide a useful insight into the present 
status of atmospheric measurement capabilities. Many of the emittants have been 
extensively measured at a variety of tropospheric locations; thus, information 
on their emission fluxes and ambient lifetimes is available. For relatively 
unreactive species, of which carbon monoxide is perhaps the prime example, the 
measurements serve in addition as tracers of meteorological transport and diffu- 
sion processes. 

The initial oxidation products of figure 2 have a diverse measurement 
status. Nitrogen dioxide (NO2) is widely monitored; the remainder have been 
seldom or never detected (in part because of their high reactivity and short 
lifetimes). The final oxidation products have been measured infrequently. The 
same is true of the chemical constituents of aerosols. 

Thus, it is possible to categorize the species of figure 2 (and other simi- 
lar species not shown) as potentially providing insight into (1) emission and 
dispersion of trace atmospheric constituents, (2) initial chemical reactions, 
(3) final products of gas-phase chemical chains, and (4) products of gas-aerosol 
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interactions. The successful description of each of these processes is required 
for a comprehensive understanding of the chemistry of the urban troposphere. 

KINETIC PHOTOCHEMICAL MODELS 

The details of urban photochemistry involve the complex and time-varying 
interplay of chemical kinetics, contaminant emissions, and bulk airflow. Model- 
ing of these processes thus requires appropriate descriptions of both chemis- 
try and meteorology and of the nonchemical source and sink processes that are 
involved. The calculations to be described in this paper are primarily intended 
to study the chemical details. For this reason, a large reaction set has been 
constructed which can yield information about many minor constituents as well 
as provide calculated curves for comparison with data on those species for which 
measurements have been made. This set consists of 143 reactions in 76 species 
and has been presented by Graedel et al. (ref. 4). It includes extensive 
descriptions of O-H-N and sulfur chemistry, together with a representation of 
the chemistry of atmospheric hydrocarbons and their products. The organic com- 
pounds that are specifically treated are methane, ethane, propylene, and the 
aliphatic aldehydes. In addition to the commonly measured emittants and prod- 
ucts, the chemical set treats specifically a number of photochemical products 
of relatively low vapor pressure: the inorganic acids HN03 and H2SO4, the 
organic acids HCOOH and CH3COOH, the alcohols CH30H and CH3CH3OH, a number of 
organic nitrates, and a variety of other species. 

The interactions of aerosols and gases in the atmosphere are imperfectly 
understood yet are vital to a complete description of urban photochemistry. 
Although the techniques for including an assessment of these interactions in a 
computational representation of the troposphere are not well developed, a key 
to inclusion of heterogeneous atmospheric chemistry is the realization that 
pure inert solid particles may be a rarity in the atmosphere and that the chem- 
ically inert particle core is in most or all cases surrounded by a hygroscopic 
layer (Winkler (ref. 6)). This layer, upon contact with water vapor, will form 
a solution with an equilibrium vapor pressure suitably depressed from that of 
pure water so that the aqueous layer is stable. Thus, atmospheric aerosols may 
be accurately represented as solid core particles with water shells (perhaps 
only a few monolayers thick during low humidity) rather than as particles with 
solid surfaces. The functional result of this deduction is that the aerosol- 
gas interaction may be treated by gas-liquid, as opposed to gas-solid, interface 
techniques. Graedel et al. (ref. 7) have established that the amounts of stable 
atmospheric gases absorbed in the aerosol are negligible fractions of the total 
gas-phase concentrations and can thus be neglected for atmospheric chemical pur- 
poses (but not necessarily for considerations of the chemistry within the aero- 
sols themselves). The interactions between radicals and water-covered aerosols 
are likely to be substantially more efficient than the interactions between free 
radicals and stable gases. It appears certain that the inorganic radicals, such 
as HO2' and HO., will be instantly absorbed on impact; this is also extremely 
likely for other radicals. In this initial formulation, therefore, it has been 
assumed that all radicals will be absorbed into aerosols on impact, a conclusion 
that has been reached independently by Warneck (ref. 8). The resulting concept 
for aerosol-gas interaction is indicated in figure 3. 
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The computational architecture that is utilized to represent northern New 
Jersey is based on a matrix of geographical areas in which each matrix element 
is a rectangularized transformation of the dimensions of a county. The flow of 
gases from one matrix element to the next is controlled by the local wind veloc- 
ity and direction. In the computations discussed here, an average diurnal wind 
flow pattern derived from measurements at Newark Airport (Essex County) on sum- 
mer days of normal convective mixing has been used. The variations in mixing 
height are specified by a function derived from lidar measurements of the atmo- 
spheric aerosol. The chemical species within each reaction volume are assumed 
to be fully mixed. 

Inventories for emission of trace contaminants have been compiled on a 
countywide basis. Each of the counties is thus treated as a "reaction volume" 
with source terms corresponding to the emission data. Emissions attributable to 
mobile sources are varied in accordance with local traffic density functions, 
and those for power plants in accordance with energy generation patterns. Other 
emissions are regarded as constant with time. 

The elements utilized in the computations are (from west to east, in the 
typical direction of the summer wind flow and that used in the calculations) 
Morris County (a semirural county with low anthropogenic emissions), Essex 
County (a suburban county with moderate anthropogenic emissions), and Hudson 
County (an urban county with high anthropogenic emissions). A schematic dia- 
gram of this meteorological and geographical approach is shown in figure 4. 

URBAN PHOTOCHEMISTRY 

Workdays 

Computations representing the chemistry of the troposphere on sunny summer 
workdays with westerly wind flow have been carried out for Morris, Essex, and 
Hudson Counties and the results for Hudson County compared with an extensive set 
of air quality data from a monitoring site in Bayonne (Hudson County). The data 
values that result for 03, NO, N02, and SO2 are plotted in figure 5, together 
with the diurnal concentration patterns resulting from the calculations. The 
computed diurnal curve for NO demonstrates good time coincidence with the mea- 
sured peak and therefore indicates the general appropriateness of the emission 
terms in the computation and the NO removal reactions in the chemical set. NO2 
decreases at sunrise as the volume of the mixed layer rapidly increases. The 
principal NO removal paths involve oxidation to NO2, and it is therefore satis- 
fying to find a 9 a.m. NO2 peak with temporal agreement between computations and 
measurements. The computations also reproduce the NO2 increase following sun- 
set, which reflects both the lowered depth of the mixed layer and the absence of 
NO2 photodissociation. The results of the model for the hours following sunset 
appear to be too low for both NO and NO2. This occurs because of the gradual 
termination of the vigorous mixing conditions that were prevalent in the sunlit 
hours. The ground-level measurements thus reflect the ground-level concentra- 
tions to a greater degree than the altitude-averaged concentrations of the 
model. 
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The best evidence for the general correctness of the extensive chemical 
model is provided by the diurnal curves for ozone. Although the patterns differ 
slightly, both show the afternoon peak typical of measured ozone values, and 
their integrated diurnal concentrations (i.e., the total amount of ozone that 
is created) are similar. 

One of the characteristic daily patterns of the photochemical smog sequence 
is the existence of sequential concentration peaks of NO, NO2, and 03 (e.g., 
U.S. Environmental Protection Agency (ref. 9)). This pattern has recently been 
confirmed for data from northern New Jersey (Cleveland et al. (ref. 10)). Fig- 
ure 5 demonstrates that such a pattern is also a feature of the computational 
results. 

The computed diurnal variation for the SO2 concentration follows the 
observed concentration pattern closely and exceeds the observed mean values by 
about a factor of 2. Conversion of SO2 to sulfate in the atmosphere is fairly 
rapid, however, and a large portion of this conversion may be catalyzed by aero- 
sols from the SO2 dissolved in them. In the absence of sufficient experimental 
data to permit kinetic studies of interior aerosol chemistry, it is impossible 
to calculate the magnitude of such an effect. In lieu of such an approach, how- 
ever, the "sticking coefficient" between SO2 and aerosol surfaces that would be 
required for the diurnal calculations to reproduce the observed SO2 concentra- 
tion data has been calculated. Since additional gas-phase removal mechanisms 
for SO2 may, of course, be important, the resulting sticking coefficient is 
appropriately regarded as an upper limit to the true number. The required value 
is 0.05; that is, 5 of every 100 gas kinetic collisions between SO2 molecules 
and aerosol surfaces result in SO2 incorporation into the liquid surface layer 
of the aerosol. 

Computational results are available not only for the total diurnal behavior 
of the major species shown in figure 5 but also for a spectrum of secondary 
species. In several cases, their concentrations can be compared with measure- 
ments in northern New Jersey or elsewhere (refs. 11 to 14). These comparisons, 
shown in table I, confirm in more detail the basic validity of the model, 
although for species measured outside New Jersey the comparison must be regarded 
as an order-of-magnitude confirmation. Nonetheless, the good agreement between 
the computed and measured concentrations and diurnal patterns for both primary 
and secondary trace species indicates that the model formulation contains the 
essence of the chemical and meteorological processes that occur in the urban 
atmosphere of northern New Jersey. 

The results of the urban workday computation have been discussed in detail 
by Graedel et al. (ref. 4); the discussion need not be repeated here. It is 
appropriate, however, to list some of the most important conclusions of the 
work: 

(1) Free-radical reactions are of vital importance for many chemical 
processes in the urban atmosphere. The oxidation of olefins, for example, is 
controlled by initial reactions with the hydroxyl radical. The computed peak 
concentrations of important free radicals have been predicted: H(32. I 6 x lo8 
molecules-cm'3; CH3O2*, 1 x lo8 molecules-cm'3; HO=, 1 x 10 6 molecules-cm'3. 
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(2) The aliphatic aldehydes occupy central positions in many chemical 
chains. They provide the primary urban source for the reactive free radicals 
and are precursors to such important toxic products as PAN. 

(3) The effects of sulfur chemistry on the overall gas-phase chemistry of 
the urban troposphere do not appear to be of major importance (see also Graedel 
(ref. 15)). The major influence is the scavenging of odd hydrogen radicals 
(HO. and HO2') by S02. The importance of oxidized sulfur compounds to aerosol 

-chemistry has not been adequately assessed; however, they may be much more 
important in that chemical regime. 

Sundays 

Recent statistical investigations of air quality data have clearly dis- 
closed a tendency for similar average ozone levels on summer Sundays and work- 
days, despite markedly different traffic patterns (Bruntz et al. (ref. 16) and 
Cleveland et al. (ref. 17)). The complex relationships among ozone, a photo- 
chemical product, and NO, N02, and hydrocarbons, its supposed precursors, have 
thus been demonstrated to be highly nonlinear. To investigate this situation, 
the urban workday computation just described is modified to allow a simulation 
of urban atmospheric chemistry on Sundays. The most important change is the 
marked difference in motor vehicle emission and power generation functions. 
Atmospheric aerosol concentrations are lower on Sundays and, perhaps as a 
result, the solar radiation at ground level is somewhat higher (Cleveland et al. 
(ref. 17)). In addition to its meteorological effects, the change in aerosol 
concentration reduces the heterogeneous interactions which affect tropospheric 
chemistry (Farrow et al. (ref. 18) and Graedel et al. (ref. 7)). The increased 
solar radiation increases the rate of the photosensitive reactions included in 
the chemical set. 

The diurnal concentration patterns for 03, NO, and NO2 for the workday and 
Sunday calculations are shown in figure 6. The Sunday calculation reproduces 
two important characteristics of the Sunday ozone data illustrated by Bruntz et 
al. (ref. 16): the virtual equivalence of the afternoon ozone peak and the 
higher ozone values on Sunday morning. The calculation demonstrates higher 
Sunday evening values not reflected in the data; this discrepancy may be a 
result of inadequate representation of the heavy traffic flow from New Jersey 
shore points into the metropolitan area that occurs on summer Sunday evenings. 

The rather complex analytical techniques used to interpret the urban Sunday 
calculations have been presented elsewhere (Graedel (ref. 19) and Graedel et al. 
(ref. 20)). Their use demonstrates that the near equivalence in urban ozone con- 
centrations on workdays and Sundays results from the near workday-Sunday equiva- 
lence of the following factors: tight balance between ozone production through 
NO2 photodissociation and ozone scavenging by NO (reactions (1) and (3)), the 
advection of ozone from less urban areas, and the incorporation of similar quan- 
tities of ozone preexisting above the morning mixed layer. The higher levels 
of NO2 on workdays increase the rates of the NO-NO2-03 shuttle reactions but do 
not significantly alter the similar behavior of odd oxygen on workdays and Sun- 
days. The increased levels of oxides of nitrogen on workdays have other conse- 
quences, however. The advective transport of NO, is somewhat enhanced relative 

155 



to Sundays, with a concomitant expansion of the downwind impact of the urban 
area. In addition, the rates of secondary reactions are higher on workdays, 
resulting in higher concentrations of organic and inorganic nitrates and con- 
comitant increases in the potential of the atmosphere to cause lachrymation. 

AIR TRANSPORT AND AIR QUALITY 

The transport of urban air over long distances and its subsequent influence 
on downwind air quality have been deduced for several years in data from the LOS 
Angeles basin (Altshuller (ref. 21)). More recent investigations have demon- 
strated that urban plume effects are seen in other geographical areas as well. 
An example of such work by Cleveland et al. (ref. 22) is shown in figure 7, 
which illustrates ozone concentrations at different times of day for air moni- 
toring sites throughout the Northeastern United States. The prevailing wind 
on the day in question was from the southwest (i.e., from Washington, D.C., to 
Boston). The high ozone concentrations demonstrate the transport of urban air 
across this region, the peak levels in northern Massachusetts actually occurring 
after sunset when photochemical ozone production has ceased. 

Other trace constituents in the air are also subject to transport effects. 
The dependence of total particulate matter in Greenwich, Connecticut, on prevail- 
ing wind direction is illustrated in figure 8 taken from Bruckman (ref. 23). 
This particulate matter almost certainly contains both physically and chemically 
produced components (Cunningham et al. (ref. 24) and Grosjean and Friedlander 
(ref. 25)) and is thus directly related to studies of chemical precursors and 

products. Similar results for sulfate aerosol throughout the Northeastern 
United States have been presented by Lioy et al. (ref. 26). 

Photochemical calculations investigating the interesting and important 
effects of transport on air quality on subcontinental size scales have yet to 
be performed. On a less ambitious scale, however, the air quality upwind of, 
within, and downwind of urban areas in northern New Jersey has been modeled by 
expanding the geographical regime of figure 4. The size of the computational 
matrix was increased to 6 x 1 by adding three representative but fictitious 
counties downwind of the three to which the previous results apply. This pro- 
cedure was followed because the actual counties downwind of Hudson County (New 
York City and Long Island and adjacent waters) are associated with certain mete- 
orologically complicating factors, such as the Manhattan "heat island" and the 
land-sea interfaces with Long Island Sound and the Atlantic Ocean. Such mani- 
festations would interfere with any straightforward examination of the chemical 
processes and have been avoided. The resulting computational sequence is shown 
in figure 9. The three added counties are given descriptive names for conve- 
nience in referencing: Shopview (emissions flux equal to Essex County without 
power plants), Deerfield (emissions flux set to estimated natural rates), and 
Farmland (emissions flux set to estimated natural rates). 

The computed peak concentrations of NO, N02, and 03 for normal emission 
fluxes are presented in figure 18 for the six-county sequence. As in previous 
work, the results apply to sunny summer days with west winds of average speed. 
Two features are immediately apparent: the ozone decrease as the urban area is 
approached from upwind and the subsequent increase downwind of the urban area. 
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The effects of advection are also seen, since the flow of oxides of nitrogen 
from Hudson County results in the highest NO and NO2 peaks and the lowest 03 
peak occurring in Shopview County, an area of lower emission rates. Further 
downwind, the effects of dilution and decreased emissions outweigh those of 
advection. This is consistent with the observation that ozone concentrations 
in regions of high emission rates are lower than in surrounding, less urban 
areas (e.g., Spicer (ref. 27)). 

For photochemical products other than ozone, it seems appropriate to exam- 
ine the concentrations at 7 p.m., by which time the bulk of the precursor emis- 
sions and product reactions have occurred. Figure 11 shows the concentration 
behavior of C3H6, N02, SO 
acid, PAN, and SOx2. 3' 

and four photochemical products - acrolein, nitric 
SO; is defined as H2SO4 + HS03', since the present com- 

putational formulation does not treat the ultimate fate of the HS03' radical. 
(SOx2 is regarded as essentially equal to gas-phase sulfate.) The progression 
of SO2 oxidation with downwind distance is readily apparent, the SOG2 concen- 
tration increasing from 0.4 ppb in Morris County to 1.5 ppb, 125 km downwind. 
Similar but somewhat less dramatic behavior is shown by nitric acid, PAN 
(CH3C(0)02N02), and acrolein. The impact of these photochemical products is 
thus felt not principally in the urban area from which the precursors originate 
but in the downwind areas within the urban plume. Additional results and chem- 
ical analyses are presented by Graedel et al. (ref. 28). 

OVERWATER TRANSPORT OF URBAN AIR 

Recent observations at shoreline sites downwind and overwater from urban 
areas have shown enhanced ozone concentrations when the predominant wind direc- 
tion is from the urban area to the site (Graedel and Farrow (ref. 29)). This 
result suggests a further manifestation of the interplay between atmospheric 
chemistry and meteorology, since ozone undoubtedly represents in some sense the 
family of photochemically produced species. To investigate the overwater trans- 
port situation computationally, the six-county sequence of figure 9 is modified 
by replacing the fourth region (Shopview County) in the overland downwind case 
by a traverse overwater (Aqua County) during which no emissions of hydrocarbons 
or nitric oxides occur (fig. 12). The resulting concentrations and rates are 
then analyzed for Shopview and Aqua Counties and for the counties further down- 
wind. The peak ozone concentrations calculated for both the overland and the 
overwater traverses are shown in figure 13. It is readily apparent that the 
enhanced ozone levels observed in air quality data following overwater transport 
are reproduced by the calculations. The computed enhancements are 7 percent in 
Aqua County (in comparison with Shopview County), 3 percent in Deerfield County, 
and 1 percent in Farmland County. 

The presence of enhanced photochemical activity during the overwater tra- 
verse suggests that chemical product formation as well as ozone concentrations 
may be enhanced in comparison with those of the overland case. To investigate 
this hypothesis, three pairs of precursors and products have been examined: 
NO2 and HNO3, SO2 and gaseous sulfate (H2SO4 + HS03'), and C3Hg and PAN. In 
figure 14, the ratios of products to precursors at 7 p.m. are plotted for six- 
county overland and overwater traverses. The results indeed indicate increased 
photochemical processing during overwater transport. The largest change occurs 
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in the sulfate conversion ratio, which is 51 percent higher in Aqua County than 
in Shopview County. Further downwind, however, the influence of the overwater 
transport diminishes to 510 percent of the conversion ratios. The overwater 
transport has thus caused local but not enduring changes in the conversion 
ratios of the photochemical products. 

As air that has been involved in an overwater traverse again encounters 
land areas with significant anthropogenic emissions, the NOx/NO concentration 
ratio adjusts to a balance between the overland sources and sinks of oxides of 
nitrogen. This adjustment is reflected in a gradual approach of the concen- 
trations of the chemical species to the conditions obtained under overland tra- 
verses. In these calculations, the recovery of the air parcel from overwater 
transport is much less rapid than is its response to the initial perturbation, 
because the emission density of Shopview County is much higher than that of 
Deerfield County. Reestablishment of the unperturbed chemistry of the overland 
traverse is hence not specified completely in the overwater calculations, which 
are able to follow the air parcels only limited distances downwind. It appears, 
however, that the long-range effects of brief overwater traverses in a chiefly 
overland trajectory will be small and that the total integrated emissions inven- 
tory will be the dominant influence on the atmospheric chemical product concen- 
trations in locations far downwind of urban areas. 

EMISSION VARIATIONS IN THE URBAN ENVIRONMENT 

The success of model calculations in reproducing a wide variety of field 
data suggests that calculations may also be used to predict the effects of sig- 
nificant changes in the emission rates of selected gaseous species. This 
approach has been used in the northern New Jersey calculations to study the 
potential effects of large changes in NO and hydrocarbon (HC) emission rates. 
Calculations with altered source strengths are accomplished as follows. In 
each county, the normal summer rates for the emission of trace contaminants 
are established. Variations in source strength are then treated as fractional 
changes to the basic rates; diurnal emission patterns are retained. The calcu- 
lations are thus equivalent to source alterations applied on a uniform percent- 
age basis. All calculations utilize the meteorological conditions that have 
been described previously. 

Two sets of computational experiments have been performed for the six-county 
sequence of figure 9. One set examines the air quality resulting from different 
NO emission fluxes at constant HC emission flux. The second utilizes different 
HC emission fluxes at constant NO emission flux. The differences are readily 
demonstrated by plotting the diurnal peak ozone values for different computations 
as a function of downwind distance (fig. 15). 

The "ozone shield" set up by dense urban areas is illustrated by the Hudson 
County values, where increases in NO emission rates are seen to decrease peak 
ozone values by as much as 15 percent, for the cases studied here. Increases 
in HC emissions cause increases in the ozone maxima but the magnitudes are very 
small (63 percent for a threefold emissions increase). These effects are con- 
sistent with predictions by Dimitriades (ref. 30) based on smog chamber experi- 
ments and with the smog chamber modeling results of Hecht (ref. 31) and Lawrence 
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Livermore Laboratory (ref. 32) for non-methane hydrocarbon/NO, ratios typical 
of urban conditions. 

The interrelationships between precursors and products may be studied by 
examining the product concentrations in a single location as the precursor emis- 
sion rates are varied. The left side of figure 16 shows the resulting product 
concentrations in Hudson County at 7 p.m. for computations in which the HC emis- 
sion rates in the several counties were varied relative to the best current 
source estimate (1.0 on the abscissa); NO emission rates were held constant. In 
addition to the gas-phase species, the heterogeneous aerosol mass gain resulting 
from accretion of low-vapor-pressure compounds (TPM) is included. The effects 
of HC emission variation on all species, even for those products that are pri- 
marily organic in nature, are seen to be no larger than 2 percent for changes' 
in HC emission as large as a factor-of-2 decrease or a factor-of-l.5 increase. 

Photochemical product concentrations for computations in which the NO emis- 
sion rates were varied and the HC rates held constant are shown on the right 
side of figure 16. Here the concentration changes of the photochemical products 
are substantial. Although the magnitudes of the effects differ, in every case a 
reduction in NO emissions produces a concomitant decrease in the photochemical 
product. The concentration variations of other photochemical product species 
included in the computations are similar. 

The trends of 03, NO, and NO2 concentrations discussed in this paper sug- 
gest that the increase in ozone concentrations in the downwind suburban and 
rural counties is coincident with an increase in the ratio of the peak values 
of NO2 and NO. This "photostationary state" condition (Stedman and Jackson 
(ref. 33)) is seen in all of the computed results. This is shown in figure 17 
where the ozone maxima for all of the six-county overland calculations are 
plotted as a function of the N02/NO concentration ratio at noon. The relation- 
ship is nearly linear over the very wide range of urban density and emission 
flux utilized in the calculations. This suggests that the effects of changes 
in emission fluxes on ozone concentrations, at least in the northern New Jersey 
region and for the conditions represented by the calculations, can be assessed 
by answering the question, "HOW will the change perturb the N02/NO ratio?" For 
example, an increase in the NO emission flux will decrease the ratio locally 
but may allow for increased NO oxidation and an increased ratio downwind. The 
ozone maxima will follow these changes. 

For many of the photochemical products discussed herein, the interactions 
of the hydroxyl radical turn out to be quite important (e.g., Davis et al. 
(ref. 34) and fig. 2 of this work). This circumstance renders the reaction 

NO + HO2' + NO2 + HO. (5) 

doubly significant, since it is the principal source of hydroxyl radicals in 
the urban atmosphere (Graedel et al. (ref. 4)). This dependence is demonstrated 
by figure 18, in which the relationship between NO2 and HO' (Farrow and Graedel 
(ref. 35)) for all of the six-county computations is shown. The very slight 
dependence of any of the photochemical products on hydrocarbon emission appears 
to be due to the natural background of hydrocarbons throughout the region (and 
most of the continental United States) and to the central position of reac- 
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tion (5) as a rate-limiting step for much of the free-radical chemistry of the 
atmosphere. In a qualitative sense, these results may be generally applicable 
to urban atmospheres in which incoming air has encountered predominantly over- 
land traverses. Regardless of the particular spectrum of urban hydrocarbons, 
each hydrocarbon compound will react predominantly with HO* (e.g., Gorse and 
Volman (ref. 36) and Hansen et al. (ref. 37)). Since the formation of oxygen- 
ated products in all currently proposed atmospheric sequences involves oxygen 
abstraction and/or NO, addition and since NO, is the principal oxygen abstractor 
in the troposphere, it appears that virtually all atmospheric photochemical prod- 
ucts will be responsive to ambient concentrations of NO,, at least in the urban 
atmospheres where the radical sources and sinks are dominated by NO, reactions. 

The implications of these results are substantial ones for tropospheric 
chemistry and it is thus important that the limits to their generality be firmly 
stated. First, it is cautioned that, although the computational results are in 
reasonable agreement with air quality data for workdays and Sundays and for the 
case of overwater transport, the comparisons apply to the specific conditions of 
full sun, westerly wind flow, and simplified treatment of the applicable meteo- 
rology. A further limitation is the accuracy of the hydrocarbon emissions inven- 
tory, which is probably no better than &25 percent. The minimal response of 
photochemical product formation to large hydrocarbon emission variations amelio- 
rates that problem to a great extent, however. While the conclusions appear to 
reflect a basic understanding of the atmospheric processes that occur, the 
results cannot be quantitatively applied to arbitrary geographical areas with 
arbitrary meteorological situations. In particular, the treatment of urban 
meteorology is insufficient to predict in detail the behavior of atmospheric 
chemistry during "episode" periods, when winds are low or calm and when mixing 
is much reduced. 

SOURCES OF ERROR IN URBAN PHOTOCHEMICAL COMPUTATIONS 

The complex and extensive data required to formulate an atmospheric model 
are inherently limited in precision and accuracy. It is therefore of substan- 
tial interest to assess the effects of inaccurate specification of the various 
parameters on the computational results. Although it is possible in principle 
to study the maximum perturbation of an individual computational output produced 
by variation of all the input parameters within their estimated error limits 
(e.g., Cukier et al. (ref. 38)), such techniques are not tractable for computa- 
tions of the complexity dealt with here. One can perform computational experi- 
ments, however, in which selected individual parameters or groups of parameters 
are varied within their error limits. While the results cannot be said to 
define the "sensitivity" of the computation in a mathematically precise way, 
they provide approximate bounds to the accuracy of the computation if the vari- 
ational experiments are carefully chosen (Duewer et al. (ref. 39)). In this 
section, a variety of such experiments with the Bell Laboratories model are 
described and the results assessed. 
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Incomplete Chemical Formulation 

The spectrum of compounds in urban air is so large that a complete formula- 
tion of the chemical reaction chains would involve thousands of reactions, the 
majority of which would have undefined rate constants, products, or both. A 
drastic condensation of this "ultimate" reaction set is thus necessary if models 
are to be constructed. The condensation inevitably involves personal judgments 
as to the degree of complexity required for effective simulation of the real 
system and the degree to which unmeasured reaction parameters can be estimated. 

The major condensation in most tropospheric models is made with the organic 
chemical reactions. Although scores of hydrocarbons are commonly measured in 
urban air (e.g., Altshuller et al. (ref. 40) and Grob and Grob (ref. 41)), most 
of the carbon atoms present are contained in perhaps a dozen compounds. The 
tendency of hydrocarbon chains to produce identical fragment products suggests 
that careful treatment of these principal species may suffice for all practical 
purposes. Hven this restricted goal seems intractable at present, however, 
because of the deficiencies in laboratory and field data (particularly for the 
aromatic compounds). A further consideration is that emission inventories for 
urban areas do not generally subdivide hydrocarbon emissions by species: thus, 
there is the danger that a complete chemical treatment will be coupled with a 
totally insufficient set of boundary conditions. 

The choice made in the Bell Laboratories model for representation of 
organic chemistry has been to restrict the treatment of hydrocarbons to methane, 
ethane, propylene, formaldehyde, acetaldehyde, and their reaction products. 
Source emissions are subdivided according to experimental species determinations 
from representative emission sources. Methane and, to a lesser extent, ethane 
are moderately reactive species and have important global chemical roles in addi- 
tion to their participation in urban chemistry. The use of propylene to repre- 
sent the spectrum of reactive compounds provides access to the singly bonded two- 
carbon group and the one-carbon fragment necessary for the production of many of 
the compounds and radicals (e.g., CH$HO, H02', CH$(O)') thought to be chemi- 
cally important (Leighton (ref. 42), Demerjian et al. (ref. 2), and Morris and 
Niki (ref. 43)). Nonetheless, the limitation of hydrocarbon chemistry in this 
way prevents the computation from providing information on many organic atmo- 
spheric products of interest, and thus, the computation cannot be regarded as 
a total representation of atmospheric chemical processes. Perhaps the best 
assessment that can be made of its general utility is the comparison of measured 
and computed concentrations of selected products of the organic chemistry. This 
comparison (table I) suggests that the current organic formulation is a reason- 
able one. 

The chemistry of atmospheric sulfur is poorly defined at present (Davis and 
Klauber (ref. 44) and Graedel (ref. 45)). The initial loss reactions are well 
known, however, so that the effects of SO2 on HO' and H02' (the principal scav- 
enging species) can be calculated. The effects of the optional chemical 
paths for the oxidized sulfur products on the overall chemistry have been 
explored in a series of sensitivity studies (Graedel (ref. 15)). It was con- 
cluded that while a full and accurate treatment of urban gas-phase sulfur chem- 
istry is doubtless required for assessments of the atmospheric sulfur cycle, 
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such a treatment is not crucial to the accurate representation of the chemistry 
of non-sulfur compounds. 

In nonurban atmospheres, the primary source of the important hydroxyl radi- 
cals is thought to be (Crutzen (ref. 46)) 

03 + hV(X<310 nm) + 02 + O(lD) 

O(lD) + H20 + HO' + HO' 

In urban atmospheres, however, the principal source is (Graedel et al. (ref. 4)) 

NO + HO2' -t NO2 -I- HO. 

where the HO2' comes from aldehyde photolysis. The importance of including 
O(lD) chemistry in urban calculations has been assessed by a calculation omit- 
ting its sources and sinks (Graedel et al. (ref. 4)). The results demonstrated 
that the O(lD) chemistry was indeed of significance, primarily because it repre- 
sents a pure source of odd hydrogen radicals rather than a reshuffling of exist- 
ing ones. 

Heterogeneous processes (i.e., the interaction of gas-phase molecules with 
atmospheric aerosols and with ground surfaces) are not well understood. The 
treatment adopted herein has been discussed in the section "Kinetic Photochemi- 
cal Models;" it is clearly a preliminary formulation. The inclusion of such 
effects in the urban kinetic computations has been investigated at some length 
(Farrow et al. (ref. 18) and Graedel et al. (refs. 4 and 7)), and it has been 
concluded that the processes are significant but not dominant for substances 
(e.g., HO. and HO2') with very short chemical lifetimes. For more stable spe- 
cies, particularly photochemical products of low vapor pressure such as HN03, 
H2SO4, and CH3C(0)02N02, surface removal is the principal loss mechanism. The 
inclusion of surface effects in a chemically consistent manner is thus an impor- 
tant goal for studies of the cycles of these product species. It appears that 
the reactions of compounds containing only oxygen, hydrogen, and nitrogen are 
treated with sufficient comprehensiveness in the present formulation of the 
urban model. An exception that might be noted is that the chemistry of ammonia 
is not included. Ammonia's gas-phase processes are not rapid, however (Graedel 
(ref. 47)), and it appears that the atmospheric chemical cycles of ammonia are 

principally heterogeneous (Charlson et al. (ref. 48)). Therefore, its omission 
has little potential effect on gas-phase processes. 

A variety of organic (Glasson and Heuss (ref. 49)) and sulfoxy (Calvert 
(ref. 50)) nitrates are likely to be formed in urban atmospheres. The present 
information about such compounds is sketchy. If present, they will be chemical 
end products rather than reactive intermediates: this property makes it unlikely 
that their omission will significantly perturb other aspects of urban photochem- 
istry. The work described here treats PAN and other organic nitrogen-containing 
compounds whose chemistry appears to be reasonably well specified. 

As has been discussed by Duewer et al. (ref. 39) for the case of strato- 
spheric models, one cannot exclude the possibility of an important chemical 
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process being omitted from these chemical calculations. .It is possible, how- 
ever, to justify the inclusion of specific processes (as has been done in this 
paper in several cases). There appears to be good evidence that the current 
treatment includes the reaction paths of major tropospheric significance. None- 
theless, knowledge of the chemistry of specific organic groups (such as the aro- 
matic compounds) and of heterogeneous processes is inadequate or nonexistent at 
present. For products or processes where these deficiencies are important, much 
additional information is obviously needed. 

Inaccurate Rate Parameters and Incorrect Products 

Four types of processes occur in tropospheric gas-phase chemistry: 
molecule-molecule reactions, molecule-radical reactions, radical-radical reac- 
tions, and unimolecular processes (of which photodissociation is the most impor- 
tant example). In the first case, laboratory techniques are relatively straight- 
forward and rate parameters and product determinations appear to be satisfactory. 
Molecule-radical reactions receive a mixed assessment. The two most important 
tropospheric radicals are HO. and HO2'. The former can be satisfactorily han- 
dled in the laboratory and most of its molecular reaction parameters appear to 
be sufficiently well determined. HOs', on the other hand, is difficult to gen- 
erate and measure in analytically tractable laboratory systems. Fortunately, 
the number of tropospheric reactions in which HO2' enters is much smaller than 
for HO', and good progress is being made on laboratory techniques for H02' 
kinetics. 

Radical-radical reactions are very hard to study in laboratory systems. 
Further, they have been shown to be of great importance in stratospheric chemi- 
cal cycles. The situation is much less severe in the urban troposphere, because 
the presence of relatively high concentrations of reactive molecules and aero- 
sols and the proximity of ground surfaces increase alternate loss processes 
greatly. 

Some uncertainties exist in the specification of quantum yields and pro- 
ducts for photodissociation reactions. The quantum yield results must be 
obtained in such a way that collisional quenching at 1 atmosphere of pressure 
is appropriately included: this is sometimes a difficult requirement. Considera- 
tion of the variations in quantum yield with temperature, which is important for 
models with wide altitude ranges, is not of consequence in urban calculations. 

The specific reactions in which inaccuracies in the rate parameters may be 
reflected strongly in the computational output are thought to be 

HO2' + HO' + H20 + 02 

HO2' + NO + HO' + NO2 

HO2* + 03 + HO. + 02 + 02 
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HO2' + HO2' + H202 + 02 

As may be seen at once, Ho20 is involved as a reactant in each. The effects of 
a change of 1 order of magnitude in the rate constant for the first reaction 
have been specifically assessed (Graedel et al. (ref. 4)); they were minimal 
because of the predominance of competing reactions for both species. The last 
reaction, for which the error limits in the rate constant are much tighter' 
(Hampson and Garvin (ref. 51)), is expected to behave similarly. The rate con- 
stant for H02' + NO has recently been remeasured (Howard and Evenson (ref. 52)) 
to be about a factor of 40 larger than the previously accepted value (Hampson 
and Garvin (ref. 51)). Sensitivity studies of the effect of this change are 
in progress. 

Any uncertainties in the rate parameter for H02' + 03 appear unlikely to 
influence urban chemistry very much. The effect of the reaction is twofold: 
it reduces H02' to HO* and it provides an ozone sink. The first process is 
also accomplished by HO2' + NO, a reaction which has a rate 35 times as great 
as H02' + 03, even at 1975 rate constant values. The latter process is much 
less important as an ozone sink than many competing reactions, such as the sca- 
venging of ozone by the olefins. 

The formation of pernitric acid by the reaction 

H02' + NO2 + M + HO2NO2 + M 

has recently been confirmed (Levine et al. (ref. 53) and Niki et al. (ref. 54)). 
It appears that thermal dissociation of the product is rapid enough so that this 
process should be unimportant (Pitts, private communication, 1977); nonetheless, 
a calculational assessment of its influence is underway. 

Of the photodissociation reactions in the urban atmosphere, those of formal- 
dehyde are perhaps of the greatest present concern: 

HCHO + hv + H2 + CO 

HCHO + hV + H' + CHO' 

Some complexities in measured values (Calvert et al. (ref. 55), Houston and 
Moore (ref. 56), and Lewis et al. (ref. 57)) make specification of both the 
total quantum yields and the branching ratios for these processes uncertain. 
A related problem is the specification of the chemical rates of the CHO. radi- 
cal (Osif and Heicklen (ref. 58) and Niki et al. (ref. 59)). The effects of 
these uncertainties are being studied in calculations now underway. 

Since the rate of any bimolecular reaction 

A+B+C+D 
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is given by the product,of the concentrations of its reactants and its rate 
constant 

R = k[A][B] 

the effects on a chemical system of a factor-of-2 uncertainty in the rate con- 
stant can be assessed either by changing k or by changing the concentrations 
of one of the reactants. From this standpoint, the emission variation studies 
described in the section "Emission Variations in the Urban Environment" can be 
looked upon as sensitivity studies of groups of reactions. Since changes of a 
factor of 2 in the spectrum of hydrocarbon compound emissions perturbed the 
basic chemical system to only a small degree, the sensitivity of the urban 
model to rate parameter inaccuracies affecting the hydrocarbons may be inferred 
to be small. This is not true for nitric oxide, for which emission variations 
resulted in substantial differences in the computed results. The uncertainty 
in the rate parameters for the oxides of nitrogen is of the same order of mag- 
nitude as for hydrocarbons (Hampson and Garvin (ref. 51)). Thus, the emission 
variation calculations provide no sensitivity analysis for the NO, chemistry, 
which is best assessed by the individual reaction studies already discussed. 

Solar Insolation Values 

Many of the important reactions in urban chemistry involve solar photons; 
thus, an imprecise specification of the photon flux is of potential concern. 
Solar insolation is location and time dependent, unlike the chemical formula- 
tion and specification of reaction parameters. One must therefore interpret 
solar insolation accuracy as a function of the goals of the model. If one 
wishes to simulate a particular day in a given location, insolation measurements 
for that situation must be provided. If an average air quality for selected 
days or seasons is desired, the measurements must be appropriate to those goals. 
In principle, solar insolation can be measured with accuracies better than 1 per- 
cent (Marchgraber (ref. 60)), and a significant error in the computational 
results can thus be avoided with careful attention to field data. 

Although computational errors due to poor insolation specification can be 
avoided, it is of interest to assess the sensitivity of the photochemistry to 
changes in insolation resulting from variations in solar zenith angle, clouds, 
aerosols, and so forth. In the case of photosensitive species such as ozone, 
model calculations have shown that the imposition of full cloud cover on a sum- 
mer workday in New Jersey can cause concentration decreases of greater than a 
factor of 10 (Graedel et al. (ref. 61)). Similar results have been presented 
by Peterson and Demerjian (ref. 62). It is apparent that modeling of air qual- 
ity processes at a specific time and place will require accurate photon flux 
information. Modeling efforts with didactic or prognostic goals, however, can 
be adequately achieved with specification of average or typical solar flux 
values. 
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Background Concentrations 

The concentrations of trace species in the air entering an urban region 
are quite significant to the subsequent chemistry. For most species, these 
background concentrations are lower than those within the urban area and the 
advected air tends to cleanse the urban atmosphere. For ozone the situation 
is often reversed; advection is thus a net source. 

The background concentrations are, in general, poorly established. The 
exception again is ozone, for which extensive data are now available for the 
Northeastern United States. For other species, it is necessary to rely on less 
detailed measurements. In modeling specific days, one is thus often presented 
with boundary conditions that are not defined by field observations. Calcula- 
tions representing typical conditions, however, are less likely to be strongly 
influenced by boundary factors. This is particularly true if qualitative inter- 
pretations rather than quantitative predictions are desired. In the former 
case, it is perhaps sufficient that the sign of species concentration change 
due to advection is specified, as was discussed in the previous paragraphs. 
Since urban emissions are greater than advective sources for most molecules, 
the effects of improper choices for background concentrations are less severe 
than if the relative source strengths were reversed. 

No specific sensitivity studies of background concentration effects have 
been carried out for the Bell Laboratories model, but other urban model studies 
(Duewer et al. (ref. 63)) have demonstrated that the effects can be important 
in some circumstances. It thus appears that the accurate specification of back- 
ground concentrations is an important consideration if results pertaining to 
specific days are to be procured from modeling efforts. 

Entrainment 

As solar heating warms the morning air, the depth of the mixed layer 
increases, reaching a maximum in the mid-to-late afternoon. The air entrained 
into the mixed layer brings trace species with it. Two simultaneous processes 
occur: the increase in the volume of the mixed boundary layer tends to decrease 
the concentrations of the trace species, while the presence of certain species 
in the entrained air tends to modulate that decrease. If the entrained air con- 
tains higher concentrations of a species than the air into which entrainment 
occursl a net increase in concentration may result. 

Molecules present in entrained air will generally be those with reasonably 
long atmospheric lifetimes such as CH4, CO, C02, Hz, and N20. Of the species 
with intermediate lifetimes, N02, 03, and certain of the non-methane hydrocar- 
bons have been measured above the predawn inversion (Lea (ref. 64), Blumenthal 
and White (ref. 65), Siddiqi and Worley (ref. 66), and Tesche et al. (ref. 67)). 
It is thus required that incorporation of these species into the mixed layer be 
reflected in model simulations. 

A number of sensitivity studies have been performed with the Bell Labora- 
tories model to investigate the effects of entrained species. The initial con- 
clusion (Graedel et al. (ref. 4)) was that entrainment of trace species was not 
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only intuitively required but produced computational results in better agreement 
with data than were computations performed with entrainment of pure air. More 
extensive work (as yet unpublished) indicates that such inclusion is critical 
only for species whose entrained concentrations are of the same order as, or of 
greater order than, concentrations in the air into which entrainment occurs. 
This condition appears to be often present for ozone and for the long-lifetime 
species mentioned previously, but not (in urban areas) for oxides of nitrogen 
or reactive hydrocarbons. 

A parameter affecting not only the number of molecules added by entrainment 
but also the volume of the mixed layer is the mixed layer depth. This quantity 
is not always capable of being measured with precision and is seldom determined 
at several different times throughout a given day. A full description is 
required, however, for calculations attempting to simulate air quality at a 
specific time and place. For didactic purposes, it appears sufficient to spec- 
ify mixed layer depth by joining typical morning and afternoon mixing height 
measurements by a theoretical curve such as those of Tennekes (ref. 68). 

Emission Inventory 

Emission inventories are never up to date, never complete, and of varying 
accuracy. Their compilation is tedious and mundane, as pointed out by Roth et 
al. (ref. 69), yet such work is necessary in order to derive good quantitative 
results from calculations. Deficiencies in the emissions inventory for a given 
region are generally difficult to estimate but may be the principal limitation 
to the accuracy of model results if other potential sources of error are care- 
fully addressed. 

Incomplete emission inventories affect calculational results differently 
for different species. The emission variations studies discussed in the section 
"Emission Variations in the Urban Environment" function also as sensitivity stud- 
ies for the emission inventory. The results of those calculations showed that 
for the northern New Jersey urban area, the production of a variety of photochem- 
ical products was influenced markedly by changes in NO emission flux but minimally 
by changes in hydrocarbon emission flux. Separate studies for CO and SO2 were 
not performed, but the minimal involvement of these species in urban atmospheric 
chemistry suggests that inaccuracies in their emission rates would not perturb 
the chemical system to any marked degree. The emission sources and rates for 
these species are also rather well defined: CO is emitted almost entirely from 
motor vehicles, and SO2 largely from power generation facilities. The relative 
insensitivity of urban photochemistry to hydrocarbon emission fluxes is fortu- 
itous, since hydrocarbon emissions, both anthropogenic and natural, are the 
least well defined of the major source terms. Nitric oxide is a product of 
combustion processes and its emission rates, while generally less well deter- 
mined than those for CO and S02, will probably be more accurate than those for 
hydrocarbons. 

To summarize, model results are reasonably sensitive to the emission rates 
of certain species. If the air quality on specific days is to be modeled, inten- 
sive effort will be needed to ensure a good emission inventory. Useful semi- 
quantitative results representing certain average conditions can generally be 
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derived with a less detailed picture of emissions, however, particularly if 
accuracy for NO emission fluxes is emphasized. 

The Full Mixing Assumption 

Chemical kinetic calculations require that a uniformly mixed volume at 
some scale size be assumed. In the urban atmosphere such an assumption is obvi- 
ously inappropriate for length scales of the order of a hundred meters (the 
dimension of influence of a multilane highway, for example). Models generally 
utilize length and width scales of the order of 1 to 30 km, with the vertical 
dimension being equal to the mixing height (perhaps 0.3 to 2.0 km). Spatial 
profiles for a variety of species often show reasonable homogeneity on such 
scales if strong convective mixing conditions are present (Tennekes (ref. 70), 
Cleveland et al. (ref. 17), and Siddiqi and Worley (ref. 66) ); such behavior is 
common on many summer days but uncommon at night. 

The absence of uniform mixed conditions has been shown by Donaldson and 
Hilst (ref. 71) to have potentially significant effects on chemical results. 
It is therefore important that models be applied only to situations that can 
be simulated accurately by their meteorological formulation and data. This 
requirement currently limits the applicability of most models to days with nor- 
mal mixing rather than to the inversion-stagnation periods of perhaps greatest 
concern from an air quality standpoint. 

Summary 

Potential sources of error are present in nearly every aspect of urban 
photochemical computations and limit the accuracy and usefulness of the results. 
Many of these limitations can be alleviated by suitable data-gathering efforts: 
solar insolation, background concentrations, entrainment considerations, and 
emission inventories. Difficulties with mixing and advection can be reduced 
by careful selection of the types of conditions to which the calculations apply. 
Uncertainties in the chemical formulation are the most difficult factors to 
assess, but it currently appears unlikely that major inaccuracies are present 
in the understanding of the principal processes of urban photochemistry. Those 
areas that seem of most concern have been the subject of sensitivity analyses 
or are under active investigation. 

From a practical point of view, it seems unlikely that the necessary infor- 
mation will be available in the near future to allow urban calculations to simu- 
late specific days and times with good accuracy. (A possible exception is the 
Regional Air Pollution Study for St. Louis, for which data are now being pre- 
pared for dissemination.) In the interim, it appears that model calculations 
can be regarded as instructive in an average semiquantitative sense and that 
the relative effects of selected perturbations on urban photochemistry can be 
assessed with a moderate degree of confidence. 
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DESIRABLE FIELD STUDIES 

The meteorology and chemistry of the atmosphere in and near urban areas 
are incompletely specified, and many theoretical studies now rest on inadequate 
data bases. Some of the simplifications and assumptions that have been made in 
modeling studies have already been described. In other cases, models have not 
been formulated because insufficient information is available. In this section, 
these inadequacies are described more completely and their relative importance 
is assessed. 

Meteorological Parameters 

Perhaps the most critical need in this category is for a good specifica- 
tion of horizontal mixing of tropospheric air. This is particularly true for 
the mesoscale (20 to 200 km), although smaller scales are also imperfectly spec- 
ified. Accurate statistical descriptions of mesoscale mixing are needed to 
determine how rapidly and completely urban air is mixed with nonurban air and 
thus the time scales over which the full interactive smog chemistry occurs. The 
variation of this mixing under differing solar insolation conditions also needs 
to be studied. It is knowledge in these areas that will be important in deter- 
mining the fraction of precursor molecules which is converted to oxygenated 
products and drops out (perhaps literally) of the chemistry and the fraction 
which is added to the global background. 

Nearly as important as horizontal mixing information is a statistical 
description of vertical mixing, especially under extreme meteorological condi- 
tions. Such information is crucial to determining the dilution of the urban air 
mass by background air. Both horizontal and vertical mixing could be studied by 
using relatively unreactive molecules as tracers; meteorological parameters 
(e.g., temperature and wind profiles) might also be appropriate. 

The interplay of meteorology and chemistry is demonstrated by vertical 
profiles of reactive molecules. Very few measurements of this type are avail- 
able; many are needed. If vertical mixing were well specified, for example, 
simultaneous vertical profiles of propylene and ozone would provide an indirect 
but reliable determination of the concentration of the hydroxyl radical, since 
it and ozone are the major reactants for propylene. For S02, generally emitted 
at moderate heights from stacks, vertical diffusion both up and down is of inter- 
est, as is conversion in transit to sulfate species. Additional examples of the 
uses of height profiles of reactive compounds abound. 

Chemical Parameters 

From the standpoint of the chemist, the history of chemical species measure- 
ments in the troposphere has been one of emphasis on precursors rather than on 
products. An obvious reason for this preference is that precursors are gener- 
ally easier to measure and their concentrations are higher. The products, how- 
ever, are often the more toxic. The product source and sink mechanisms for many 
systems are poorly specified but are important considerations in assessing the 
global atmospheric cycles of chemical elements. The measurement of a wide vari- 
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ety of precursor-product pairs is thus to be encouraged, as is the measurement 
of the free radicals that so often control the transition from precursor to 
product. 

The only free-radical intermediate thus far measured in. the troposphere is 
HO.. The limited number of measurements sug ests 
peak of the order of 2-3 x lo6 molecules-cm- s 

a typical diurnal ground-level 
(Wang et al. (ref. 72), Davis et 

al. (ref. 34), and Perner et al. (ref. 73)); the variations of the hydroxyl con- 
centrations with such factors as latitude, time of year, amount of cloud cover, 
time of day, and concentrations of other atmospheric species remain to be deter- 
mined. Other atmospherically important radicals that have not been detected in 
situ but have been measured under laboratory conditions are HO20 (Radford et al. 
(ref. 74) and Becker et al. (ref. 75))., CH3O2* (Parkes et al. (ref. 76)), and 
NO3= (Graham and Johnston (ref. 77)). The estimated atmospheric diurnal peak 
concentrations of these radicals in urban atmospheres (as predicted by the Bell 
Laboratories kinetic photochemical model) are given in table II. 

Several precursor-product pairs involving odd nitrogen compounds are of 
atmospheric interest. All involve the formation of acids. The production reac- 
tions are 

NO + HO* + M + HN02 + M (6) 

NO2 + HO' +M+HNO3 +M (7) 

NO2 + HO2' + HO2NO2 

Of these compounds, NO and NO2 are readily measured and HN03 is measurable with 
some difficulty. HN02 has been detected only once in the atmosphere (Nash 
(ref. 13)). Pernitric acid (HO2NO2) has not been measured in ambient air but 
has been detected in the laboratory (Niki et al. (ref. 54)). Approximate urban 
atmospheric concentrations for these compounds, based on a combination of data 
and model studies, are given in table III. The most chemically instructive mea- 
surements would be simultaneous determinations of the concentrations of both 
members of a precursor-product pair. Determinations at different times of day 
and under different meteorological conditions are desirable. The concurrent 
measurement of the concentration of the linking species would be of great value. 

Measurements of individual organic compounds in the atmosphere are sparse, 
despite the knowledge that such compounds play important roles in atmospheric 
chemical processes. The situation is compounded by the diversity of compounds 
and by the tendency for the same product to result from several precursors and 
by several chemical paths. Most common organic emittants are hydrocarbon com- 
pounds, however, and their oxidation products are aldehydes, ketones, alcohols, 
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and acids. The chain-initiating reaction is usually with the hydroxyl radical, 
although sometimes with ozone. A sample sequence is the twin-route reaction of 
propane with hydroxyl: 

O2 
A-+ 

O2' 
HO. A 

A 
40 

Hop' 

HO' 

SL 02 NO O2 
H20 /\. - &'2' ++ -'- ---++ GHO 

N02 H02' 

(The short orthogonal arrows indicate the progression of the attacking molecule 
from reactant to product.) In this sequence, the product is acetone or propa- 
nal, depending on the hydrogen abstraction site. Both products are subject to 
photodissociation at tropospheric wavelengths, and both have sources other than 
this sequence. 

More diverse chemistry results with the alkenes. The reaction of ozone 
with 1-alkenes produces formaldehyde (HCHO), a second carbonyl product, and 
perhaps other oxygenated species (Herron and Huie (ref. 78)): 

O3 O2 
H2C=CH2 - H2C - CH2 

-tt HCHO + HCHO 

O3 

O3 F-0, O2 

6' o\n 3+ HCHO + CH3CH0 

O3 

O3 A- HCHO + 

O3 

Many of the same products result from hydroxyl attack on alkenes. Such reac- 
tions are capable of forming acids as well as carbonyl compounds, as demon- 
strated for ethene, as follows: 
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HO 
HO' 

H1: 
O2 

HC=CH - -iH - 
HH H H 

O2 
HCOOH 

+t 
H02' 

The atmospheric fates of aromatic 

HO 
I 72' NO "y y' 

HC - 
H 

HCHO 

HO HO HO 

H;O. 
NO 

H;O . 5 Hk 
H -I-- 

NO2 
H2 H 

compounds have received little attention, 
but the most plausible sequences appear to involve hydroxyl initiation. For 
toluene, these include: 

Because of the multiplicity of these chains, precursor-product pairs are 
defined less precisely than is the case with the odd nitrogen compounds. For 
some products, however, the principal precursor or precursors can be deduced 
from information concerning relative concentrations of possible precursors and 
their rate constants for hydroxyl radical or ozone reaction. A selected list 
of precursors and products developed by this technique is given in table IV. 
As with the odd nitrogen compounds of table III, concurrent measurement of 
precursor-product pairs, and if possible of the linking species, is most useful, 
as are measurements for a variety of temporal and meteorological conditions. 

CONCLUDING REMARKS 

The ability to model satisfactorily the processes of urban atmospheres is 
presently restricted to selected chemical processes, a handful of geographical 
regions, and stringently stratified meteorological conditions. Nonetheless, 
much has been learned. Such distinct situations as urban workdays, urban Sun- 
days, transport and chemistry upwind of, within, and downwind of urban areas, 
and overwater transport have been qualitatively simulated by computer tech- 
niques. The agreement with ambient data appears to be reasonably good, sug- 
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gesting that at least the principal processes of urban photochemistry and meteo- 
rology are fairly well understood. 

Simulations of urban photochemistry with altered source conditions have 
also been completed. Although the generality of the results remains to be estab- 
lished, the results suggest that, at least in northern New Jersey, nitric oxide 
is the rate-limiting reactant for many of the principal photochemical smog pro- 
cesses. Decreases in its emission flux thus appear likely to result in decreases 
in the concentrations of a variety of photochemical products, both within the 
urban area and downwind of it. 

Many of the details of atmospheric chemical processes are poorly determined. 
To this end, concurrent measurements of a variety of precursors, linking species, 
and products are desirable. Suggestions for and chemical justification of such 
groups have been given. The availability of such data will markedly enhance 
understanding of the chemistry of the urban atmosphere. 
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TABLE I.- PEAK CONCENTRATIONS E'OR MINOR ATMOSPHERIC COMPOUNDS 

Compound 

CH2=CHCHO 

CH3CHO 

CH3C(0)02N02 

HCHO 

H2O2 

rn"2 

mo3 

Computed peak 
concentration, 

Ppn 

1.3 x 10-2 

7.7 x 10-3 

2.9 x 10-3 

__~.~. ..- 
6.5 x 1O-3 

6.1 x 1O-2 

3.4 x 10-4 

3.9 x 10-3 

sbserved peak 
concentration, 

Ppm --.-.. -_ ._ 
1.4 x 10-2 

1.2 x 10-2 
-. .~.. - 

3.7 x 10-3 

8 x 10 -3 

3.2 x 1O-3 

6 x 10'3 

Location 

Los Angeles, Calif. 

Bayonne, N.J. 

Hoboken, N.J. 

..- __ 

Bayonne, N.J. 

-- 

Hoboken, N.J. 

South England 

St. Louis, MO. 

Reference 

Altshuller and 
McPherson 
(ref. 11) 

(a) 

Lonneman (Pri- 
vate communi- 
cation, 1974) 

Cleveland and 
Kleiner (Pri- 
vate communi- 
cation, 1974) 

Gay and Bufalini 
(ref. 12) 
.- 

Nash (ref. 13) 

Spicer (ref. 14) 

aThe observed Bayonne concentration of CH3CHO is based on the Bayonne 
observation of HCHO and the assumptions that the total aldehyde/formaldehyde 
ratio of Altshuller and McPherson (ref. 11) holds in northern New Jersey and 
that the total aldehydes concentration minus the formaldehyde concentration is 
essentially equal to the CH3CHO concentration. 
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TABLE II.- MEASUREMENT NEEDS: FREE RADICALS 

Species Approximate concentration, 
molecules-cm'3 

HO. 1 x 106 

HO2* 6 x lo8 

N03' 5 x 108 

CH3O2' 1 x 108 

TABLE III.- MEXXJREMENT NEEDS: ODD NITROGEN PRECURSORS AND PRODUCTS 

Approximate Linking Approximate 
Precursor concentration, species Product concentration, 

wb ppb 

NO 10 HO. rnO2 0.4 

NO2 15 HO* rnO3 4 

NO2 15 H02' H02N02 ? 
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TABLE IV.- MEASUREHENT NEEDS: ORGANIC PRECURSORS AND PRODUCTS 

Precursor 

"_ .- -__- 
H$=CHz 

A- _---- 
H$=CH2 

- 

Approximate 
concentration 

ppb 

20 

10 

5 
..- -__. - 

20 

10 
.- 

5 

- 

25 

.~ 

50 

50 

Linking 
species Product 

mb 

03, HO' aHCHO 10 

_ 
03 aCH3CH0 

HO. HCOOH 

03 
0 

A 

HO. 0 
OH 

? 

_..-- 

HO' 

HO' 

& OH 

CHO 

-- 

? 

? 

aAlso directly emitted by sources. 
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Figure l.- Initiation and propagation of free-radical chemical chains in urban 
atmosphere. Sequence is initiated by photodissociation of aldehyde molecule, 
followed by oxidation of NO and hydrocarbon (HC) emittants. 
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Figure 2.- Reaction sequences for formation of oxidized chemical products 
from urban precursors. 
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Figure 3.- Schematic representation of water-shell aerosol model for impact 
removal of radicals. 

186 



. 3A 
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Figure 4.- Schematic representation of 3 x 1 reactant volume sequence. Symbols 1 refer 
to concentration changes resulting from source injection, symbols 2 to concentration 
changes resulting from meteorological processes, and symbols 3 to concentration 
changes resulting from chemical processes. 
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Figure 5.- Computed diurnal concentration patterns (solid lines) for Hudson 
County, N.J., compared with measured concentration distribution parame- 
ters: squares indicate upper quartile; triangles, median; and circles, 
lower quartile. Arrows on abscissa indicate times of sunrise and sunset. 
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Figure 6.- Computed diurnal concentration patterns for workdays and Sundays 
in Hudson County, N.J. Arrows on abscissa indicate times of sunrise and 
sunset. 

189 



‘\ 
.9 ..) 7 p.m. 

3 p.m. 

Figure 7.- Ozone concentrations at air monitoring sites in Northeastern United States 
measured at six different times during July 2, 1974, are coded by circle sizes. 
(From Cleveland et al. (ref. 22), copyright 1976 by the American Association 
for the Advancement of Science; reproduced with permission.) 
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Figure 8.- Total particulate matter as a function of wind direction in Greenwich, 
Conn., from 1971 to 1975. New York-New Jersey metropolitan area is southwest 
of this monitoring site (Bruckman (ref. 23)). 
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Figure 9.- Six-county computational sequence showing respective downwind dis- 
tances (referenced to western edge of Morris County) and relative NO and 
hydrocarbon (HC) emission rates (for relative rate purposes, Deerfield and 
Farmland Counties' emission rates have unity values). 
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Figure lO.- Computed diurnal maximum concentrations of NO, N02, and 03 in the 
six counties. Dotted lines on abscissa indicate county boundaries. 

193 

- 



16 

/)y- -*: - - - Bcs 

/ 

/p--q 
/ I 

A '......, I! . . . . A . . . . . . . . . A . . . .._. & . . . . . . . . . . . . . . h-.."""" 
. . . . . . . *A 

I 
I 

I 
/ 

9’ 

-- -x 

-MC 
)<-‘/--- 

x 
__-- 

x -----__ )+ ---- X’--- 
0 

0 
A Y ” ” 

. ...+ _. .. ,:. 
.~,/‘~ 

,:’ :’ .:’ 
. ..+” LEGEND 

+ __*.._....... +........-+' 
. ..- 0 CaH. 

0 NOt 
V sot 
A CHXHCHO 
x HNOs 
0 CHX(O)OzNOs 
+ SOx-L 

I . 30 
DOWNGIOND DIS'I'AN& (km) 

120 1 0 

Figure ll.- Computed concentrations of precursors (N02, C3H6, and SO2) and 
photochemical products (SOG2, HNO3, CH$.J(0)02N02, and CHzCHCHO) in the 
six counties at 7 p.m. for days with normal emissions, sun, and wind. 
Dotted lines on abscissa indicate county boundaries. 
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Figure 12.- Six-county computational sequence for overwater traverse together 
with normalized NO and hydrocarbon (HC) emission rates. 
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Figure 13.- Maximum computed ozone concentrations for overland and overwater 
traverses. Plotted points are averages over individual counties. Dotted 
lines on abscissa,indicate county boundaries. 
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Figure 14.- Conversion ratio.5 for nitrate (circles), sulfate (squares), and 
PAN (triangles) as functions of downwind distance at 7 p.m. Solid symbols 
refer to overland traverse and open symbols to overwater traverse. Dot ted 
lines on abscissa indicate county boundaries. 
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(a) Variation of hydrocarbon emissions only. 
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(b) Variation of NO emissions only. 

Figure 15.- Computed diurnal ozone maxima for the six counties in NO-HC 
anthropogenic emission plane. Dotted lines on abscissa indicate 
county boundaries. 
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Figure 16.- Percent change in concentration of various photochemical products 
at 7 p.m. in Hudson County for different emission rates. Plots on the left 
are for variation in hydrocarbon (HC) emission normalized to current source 
estimate (Abscissa = 1.0); NO emissions are kept constant at current esti- 
mate for these computations. Plots on the right are for variation in NO 
emission with HC emission kept constant. TPM indicates total particulate 
matter. 
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Figure 17.- Computed diurnal ozone maxima in the six counties as a function 
of noontime NO2/NO concentration ratio. 
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Figure 18.- Relationship between HO' maxima (molecules-cm'3) and NO2 noontime 

concentrations (ppb) for all counties and emission fluxes included in this 
series of computations. 
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